Nowadays the use of charcoal in metallurgy is intimately linked to small blast furnaces in Brazil. Due to the challenge for CO 2 mitigation, interest for charcoal use as a renewable energy source is rising. In the scope of European efforts to mitigate carbon dioxide emissions in the steel industry in the post-Kyoto period, the use of charcoal in cokemaking and ironmaking has been investigated. This paper presents results of an experimental study on charcoal behaviour under the blast furnace simulating conditions performed at the Department of Ferrous Metallurgy, RWTH Aachen University and at the National Centre for Metallurgical Investigations, Madrid. Conditions in the raceway and in the furnace shaft were simulated using thermo-analytical, laboratory and pilot facilities. Charcoal samples were produced in two furnaces for pyrolysis from different wood types at various carbonisation conditions. Furthermore technological and ecological assessment of blast furnace process when injecting different types of charcoal was performed using a mathematical model. All the experiments and calculations were also performed with reference mineral coals for injection. Conversion efficiency of all the tested charcoals is better or comparable with coals. Change in coke rate, furnace productivity and further operation parameters when replacing pulverised coal with charcoal depends on charcoal ash content and composition.
Introduction
Decrease of the reducing agents was and still remains the main measure in response to the ongoing challenge for blast furnace (BF) ironmaking to mitigate the CO 2 emissions. But the potential of this way gets lower with rising BF operation efficiency, decreasing carbon demand and operation close to thermodynamics limits. Non-carbon ironmaking technologies (using hydrogen, plasma, electrolysis) are under development but still far away from commercial ready implementation. 1) Recycling of decarbonised top gas may cut CO 2 emissions by nearly 30 % according to calculations.
2) Alternatively or complementarily, decrease of CO 2 emissions could be reached by use of renewable energy sources.
The total balance of CO 2 , when using charcoal or biomass is favourable because all the carbon in charcoal is generated from CO 2 of the atmosphere and only part of it is released again as CO 2 in the blast furnace process. Analysis of total impact of charcoal use on the global warming considering its production, transport, use of the charcoal feedstock which is not plantation wood etc. are out of the scope of this paper. Beside the positive environmental effect, the use or charcoal will also provide economic advantages (better quality of metal and possibility of higher productivity) due to its unique properties: very low sulphur and phosphorus content, high ratio of carbon to ash, relatively few and un-reactive inorganic impurities and stable pore structure with high surface area.
Several options for the use of charcoal in cokemaking and ironmaking were examined in the scope of a European project focused on short and middle term solutions to mitigate CO 2 from steel industry.
3) This paper presents some experiments and results related to direct charcoal injection as powder into the BF tuyeres.
Presently the injection of charcoal fines is used in small charcoal BFs in Brazil; injection rates makes up 100 to 150 kg/tHM. 4, 5) First studies on charcoal and charcoal-ore fines mixture injection were carried out by RWTH Aachen University in co-operation with Mannesmann S.A. (MSA) Brazil on a laboratory rig in Aachen and at a charcoal blast furnace in Belo Horizonte (inner volume 474 m 3 , hearth diameter 5.5 m). 6) Results showed feasibility of this technology but raised problems concerning the charcoal behaviour in and outside of the raceway. Behaviour of charcoal in the raceway is of great importance. Experience with pulverised coal (PC) injection shows that incomplete conversion of injected carbonaceous materials causes drop in the gas permeability, dirtying of the dead man and finally decrease in the furnace productivity and increase in the coke rate. There are suppositions that charcoal behaviour in the raceway should be the same as PC. On the other hand charcoal is not fossil fuel contrary to the mineral coal. Therefore one of the main targets of this work was to investigate charcoal reactivity and conversion behaviour vs. PC. Besides, conditions in a modern blast furnace are different from the char-
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Alexander BABICH, 1) Dieter SENK 1) and Miguel FERNANDEZ 2) coal Brazilian furnaces not only in terms of larger dimensions and higher operational parameters but also in terms of in-furnace reaction conditions: the chemical reactivity of coke is significantly lower compared with charcoal and Boudouard reaction occurs in the coke blast furnace at higher temperatures. Therefore the degree of indirect reduction in the furnace shaft is higher and consequently carbon monoxide content in top gas and its calorific value are lower. Effect of charcoal injection on large blast furnaces and at high injection rates was studied up to now mainly by mathematical modelling. 7) There are also studies on waste wood use for producing metallurgical coke and for BF injection, 8, 9) but the raw wood is difficult to be grinded, because it is composed of rigid structure of cellulose and lignin. 10) In Ref. 10) a study was done on biomass injection. In this work, firstly technological and ecological assessment of BF operation when injecting charcoal was conducted using a mathematical model. Afterwards, laboratory and pilot injection trials, microscopic study as well as tests using thermal analysis were carried out to investigate the charcoal behaviour under the blast furnace raceway simulating conditions. Furthermore solution loss reaction of charcoal in the furnace shaft was investigated to evaluate the possibilities of secondary utilisation of charcoal outside the raceway. Effect of charcoal on coke reactivity was studied as well. Injection of PC used in the industrial blast furnaces and PC-charcoal mixtures was examined under the same conditions.
Technological and Ecological Assessment of BF Process with Charcoal Injection Using Mathematical Modelling
The target of the calculations was to evaluate the effect of charcoal injection on the overall blast furnace performance, mainly on operating results and heat balance. The calculations were conducted for three types of charcoals; two of them were produced in the scope of the present study (see Sec. 3) und used in the experimental part of this work; third one was used in the ULCOS-programme calculations. Blast furnace operation with PC injection was considered as reference (or base) case.
A mathematical model was developed at TU Donetsk 11) on the base of a method of Prof. Ramm 12) and shortly described in Refs. 13) and 14). This method is based on the interrelations of material and heat balance equations.
The iron bearing burden for base calculations consisted of 62.9% sinter, 27.6% pellets and 9.5% lump ore; burden composition is given in Ref. 3) . Composition of reducing agents is presented in Table 1 . Table 2 shows selected calculated parameters of BF operation when injecting PC (base case) and 3 types of charcoals from eucalyptus: CC lab and CC pilot charcoals were produced in the lab and pilot furnaces for pyrolysis respectively (see Sec. 3), CC ref charcoal was used in the ULCOSprogramme calculations. Injection rate was kept at 200 kg/ tHM. The flame temperature was controlled by oxygen enrichment of blast. Sinter/pellets ratio was adjusted to keep slag basicity on a constant level.
Analysis of the results allows for a conclusion that replacement of PC with low ash and high basicity charcoals (CC lab and CC pilot ) decreases blast volume, slag volume and consequently enables operation with lower coke rate. Furthermore heat loss decreases and furnace productivity rises. Top gas volume and its calorific value decrease as well. When injecting charcoal with high ash content and relatively low basicity, main operation parameters including coke rate and productivity can worsen (depending on the reference PC characteristics). The carbon balance was calculated for 4 cases mentioned above ( Table 3 ). The trend in total carbon and CO 2 input and output reflects the trend in coke rate. E.g. CO 2 input decreases by 1.8 % and 0.5 % for cases with injection of charcoal CC lab and CC pilot respectively and increases by 1.5 % when injecting charcoal CC ref instead of PC. Considering charcoal as a CO 2 -neutral component, CO 2 input decreases by 44.8, 41.6 and 36.8 % when replacing 100 % PC with three mentioned charcoals respectively.
Charcoal Production and Examination of its Characteristics
Charcoals for lab scale tests were produced from dry wood of three types (oak, olive and eucalyptus) in a vertical tubular muffle furnace at CENIM. Each charcoal was produced at three different carbonisation temperatures: ca. 360°C (samples 1), ca. 450-460°C (samples 2 and 2b) and ca. 560°C (samples 3). Table 4 shows chemical analysis of selected charcoals and reference PC (high and low volatile mineral coals were used).
Charcoal for large scale experiments was produced from eucalyptus using the plant for pyrolysis at CENIM (Fig. 1) . Its main components are: electric resistance furnace (18.6 kW, three heating units, Hϭ1.35 m, inner Dϭ0.9 m); reactor (double wall with gas heating, gas flow 50-500 NL/min N 2 , Hϭ0.91 m, Dϭ0.30 m); basket for samples (Hϭ0.75 m, inner Dϭ0.28 m); basket 2 with wood pieces is placed into reactor 5 and then into the furnace 1. The representative chemical analysis of the produced charcoal (Fig.  2) is as follows, %:
Cϭ82.31; Hϭ3.14; Sϭ0.005; VMϭ30.5; ashϭ0.42; P in ashϭ0.8%
Results obtained showed that the higher the carbonisation temperature is, the lower volatile matter content and the higher carbon content in charcoal are. Characterisation of charcoals produced from three wood types without bark simultaneously at the same conditions (carbonisation time of ca. 40 min at 450°C) allows concluding that there are no remarkable differences in their chemistry ( Table 5) . Only ash content has the lowest value in eucalyptus's charcoal. It means that charcoal chemistry depends on carbonisation conditions and presence and thickness of bark in the wood but not on the wood type. Specific surface of charcoals and reference pulverised coals for BF injection was determined using BET analysis method. Results showed that specific surface of charcoals (150-350 m 2 /g) is 60-350 times greater than that for PC (1.0-2.6 m 2 /g). This study testifies that charcoal is a highly reactive carbonaceous material. Furthermore the higher carbonisation temperature of wood is, the bigger specific surface of charcoal is. This result is explained by significantly increasing release of volatile matters and development of porous structure. A consequence of large active specific surface of charcoal could be the recommendation to inject charcoal in a BF with bigger grain size compared to PC. This could provide an increase of the dust yield and energy and cost saving for grinding. Microscopic investigation by optical microscope with Soft Imaging Analysis allowed quantifying characteristics of pores. Values of these characteristics for studied samples are summarised in Table 6 . The overall porosity varies between 1/3 and 1/2 among the charcoal samples. For PC no pores were identified. Pore area is defined as ratio of area of all pores to the total selected area ("region of interest").
Investigation of Charcoal Reactivity under Simulating Raceway Conditions Using Laboratory Equipment

Tests Using STA Set
The examination of charcoals and reference coals during thermal treatment was conducted using the Simultaneous Thermal Analysis (Netzsch, STA 409). Five charcoals and two mineral coals with high and low volatile matter content (Table 4) underwent various test scenarios which simulate combustion in the air atmosphere. All the samples had the same grain size of 80-125 mm.
Exemplary the results of the tests performed according to one selected scenario ( Table 7) are presented below. Combustion behaviour of all the charcoals is comparable to that for PC 1 (Fig. 3) ; for other test scenarios charcoal's combustion characteristics are better. Low volatile coal PC 2 proved the worst results.
It is known that the conversion degree of carbonaceous material is significantly influenced by the content of volatile matter. The results in Fig. 3 do not fully confirm this fact. Higher conversion degree of charcoals can be caused by significant differences in the surface structure of the coals (dense and compact) and charcoals (highly porous) (Fig. 4) . Figure 5 (left) shows effect of carbonisation temperature on charcoal reactivity. Samples produced at lower temperature first lose their mass quickly due to higher volatile matter content. Further behaviour depends on the test scenario: at high temperature, samples carbonised at higher temperatures react quicker and finally burn out early; at moderate temperature (test scenario not presented here) reaction rate is virtually independent of the carbonisation temperature.
Charcoal grain size affected its reactivity under examined conditions only during the last stage of combustion because the preliminary stages like preheating and removal of volatile matter happened in a neutral atmosphere (Fig. 5  right) . Table 6 . Characteristics of charcoal microstructure. Table 7 . Test scenario (gas flow rate: 100 mL/min, sample: 100 mg). 
Tests in Lab Scale Injection Rig
The injection rig at the IEHK/RWTH Aachen University and the test procedure are described in the references. 15 ,16) Figure 6 shows the results of the performed injection trials with two charcoals and two PC with grain size of 80-125 mm. Obtained curves of conversion degree characterise behaviour of injectants in tuyere and in the first part of the raceway (oxygen zone) where no Boudouard reaction of carbon particles occurs. Considering this fact as well as following secondary reactions of unburnt particles outside the raceway in liquid slag and in the furnace shaft, the corresponding overall conversion rate is higher. With rising O/C atomic ratio the conversion degree increases but for charcoals the curves are flatter. It means that dependence of charcoal gasification on its concentration in the blast is not as strong as for coal. The grey area corresponds to usual coal injection rate of 150-180 kg/tHM. With rising injection rate charcoal conversion behaviour becomes more favourable. Obviously the usual deficit of oxygen at a high injection rate in the case of charcoal injection is compensated by oxygen in pores that promotes its further gasification.
Investigation of Charcoal Conversion in the Raceway Using Pilot Plants
Tests in Combustion Chamber
The combustion pilot chamber at CENIM simulates conditions in the raceway when injecting solid and liquid substances 17) (Fig. 7) . The central element is a combustion chamber with length of 1 810 mm, inner diameter of 430 mm and a tuyere of 60 mm diameter. Gas temperature and gas composition are continuously recorded. Propane burner is used to maintain a temperature of 1 075-1 150°C at the injection port. An injected material from a feeder is introduced into the hot stream by means of air. Oxygen enrichment is used to adjust the oxygen content at the injection point to desired level. Recently conducted modifications in the chamber are described in Ref. 3) .
Ten tests with charcoal injection and 3 tests with reference PC (not in Table 4) were performed. Table 8 shows main characteristics of the selected tests as well as average values for 3 PC tests and 10 charcoal tests (C, coal; CC, charcoal). "Blast" means gas before the injection point consisting of oxygen, carbon dioxide and nitrogen. Main test results are presented in Table 9 and Fig. 8 .
Results obtained testify that charcoal combustion efficiency for tests CC-1 and CC-2 is similar to the efficiency for reference coal C-1 and makes up about 60 % for given conditions with similar injection rate. Average charcoal combustion efficiency is by ca. 18 % higher than that for coal but charcoal concentration or injection rate was by ca. 22 % lower compared to coal.
Tests in Injection-coke-bed-simulator
Modular concept of the pilot plant at RWTH Aachen University provides flexible adjustment for simulation of zone in the front of the tuyeres of different shaft furnaces (Fig. 9) To quantify the test results, measuring junctions equipped with thermocouples and gas analyser, are installed along the coke chamber (M1-M4). Further measuring points are: M5 and M7, thermocouples; M6, pyrometer with integrated video camera; M8, off gas analysis. After the tests samples are taken from 4 positions (M1-M4). Figure 10 shows coke in front of the tuyere after the test. The test procedure is described in Refs. 3) and 18).
Four tests with charcoal and two tests with reference PC injection were performed under the same conditions. Injection rate for all the tests was 0.17 kg/min; concentration in the blast 0.075 kg/m 3 . Composition of charcoal produced from eucalyptus at the plant for pyrolysis at CENIM, %: Cϭ82.31; Hϭ3.14; Sϭ0.005; VMϭ30.5; ashϭ0.42; PC composition, %: Cϭ82.70; Hϭ4.05; Sϭ0.645; VMϭ 16.65; ashϭ7.99. Figure 11 shows evolution of gas composition and temperature for one test with reference coal (PC) and one test with charcoal (CC) from tuyere tip (measuring point 0) in direction of raceway extension (measuring point M4). Each point represents the average value during the injection period of about 30 min. It can be seen that plots for PC and CC are similar although for the test with CC oxygen disappears a little bit quicker and the CO 2 peak is somewhat higher. The peak temperatures made up 1 698°C and 1 714°C for PC and CC tests respectively.
In Fig. 12 mean percentage of PC/CC particles on coke surface after one test with PC and two tests with CC is shown (8-10 coke pieces were taken from each of 4 positions; 3-4 fields on each polished block were examined and mean value was used as a result). Rate of PC particles is a little bit higher compared to CC; it means that more unburnt coal particles than charcoal particles were observed. No remarkable difference in size distribution of PC and CC particles on coke surface was observed.
Investigation of Charcoal Behaviour outside the Raceway
Tests Using STA
Charcoal from eucalyptus and two reference coals (eucal.1, PC 1 and PC 2 respectively, see Table 4 ) underwent three test scenarios which simulate solution loss reaction in BF shaft at 900-1 300°C (Table 10 ). All the samples had the same grain size of 45-80 mm (different from the investigations simulating the raceway conditions smaller fractions were used). Analysis of Fig. 13 (examples of the tests at 900 and 1 100°C) let conclude that charcoal reacts faster than PC despite the fact that VM content in PC 1 (30 %) is higher than in charcoal (19 %) . Arrhenius plots calculated for conducted tests testify that the reaction velocity rises exponentially with increase of temperature in the range of 900-1 300°C (Fig. 14) . Difference in reaction rates of charcoal and mineral coals lowers with rising temperature. This means that better charcoal consumption in the shaft (compared with mineral coals) is essential at lower temperatures.
Tests Using Tammann Furnace Experimental Set
The experimental rig and the test procedure are described in Ref. 19 ) and 20). Tests were performed under isothermal conditions (900, 1 100 and 1 300°C) in atmosphere of CO 2 (the specimens of charcoal, coal and their mixtures Ͻ45 mm were placed into the furnace at the desired temperature in Ar atmosphere; in 5 min the gas atmosphere was switched to CO 2 ). The gas flow rate was kept constant (200 L/h) in all tests.
In Fig. 15 the reaction rate in the CO 2 atmosphere is presented (first 5 min when the specimen was placed into Ar atmosphere are excluded). The results obtained confirm higher reaction rate of charcoal compared with mineral coals and decrease of this difference with rising temperature. Reaction rate of charcoal-PC mixtures is in between of those of single substances.
Figure 16 (left) shows the effect of charcoal on coke reactivity in CO 2 atmosphere at 1 300°C. Charcoal attached on the coke surface (initial size Ͻ45 mm) decreased its reactivity by 18-20 %. The reason for that could be revealed 100 mL/min, sample: 100 mg). from coke micro structure with charcoal on its surface after the tests. On the photo (Fig. 16 right, SEM) a very thin white film of charcoal ash can be seen, which evidently protects coke from the solution loss reaction. Such a mechanism is possible because despite low ash content its main component is CaO characterised by high melting temperature; furthermore, alkali present in charcoal can act as a fluxing agent.
Conclusions
(1) Calculations using a mathematical model showed that the trend in total carbon input and CO 2 emissions reflects the trend in coke rate. Considering charcoal as a CO 2 -neutral component, CO 2 input decreases by 37-45 % when replacing 100 % PC with three examined charcoals.
(2) Charcoal chemistry depends on carbonisation conditions but not on the wood type. The higher the carbonisation temperature is, the lower VM content and the higher carbon content in charcoal are.
(3) Charcoal is rich in micro-pores. Specific surface of charcoals is 60-350 times bigger than that for PC. Specific surface for charcoal rises with increase of the carbonisation temperature.
(4) STA tests under raceway simulation conditions showed that combustion behaviour of the tested charcoals is better or comparable with coals for injection. Effect of charcoal type, carbonisation temperature, grain size and its mixture with PC was investigated.
(5) Lab injection tests showed that conversion degree of charcoals is less dependent on O/C atomic ratio (or on charcoal concentration in the blast) than that for mineral coals.
(6) Large-scale injection trials in combustion chamber at CENIM showed that combustion efficiency of charcoal is comparable with reference coals: (about 60 % for given simulation conditions). Pilot trials at RWTH Aachen University showed that charcoal is burnt under the raceway simulation conditions somewhat faster than PC.
(7) STA and Tammann furnace tests under BF shaft simulation conditions showed that solution loss reaction for charcoal goes on faster than for PC. The reaction velocity rises exponentially with increase of temperature in the range of 900-1 300°C. Difference in reaction rates of charcoal and mineral coals lowers with rising temperature. Coke reactivity in CO 2 atmosphere decreases when charcoal particles are attached on the coke surface.
